Abstract The use of natural sustainable resources such as wood in green industrial processes is currently limited by our poor understanding of the impact of moisture on their thermodynamic and mechanical behaviors. Here, a molecular dynamics approach is used to investigate the physical response of a typical hydrophilic biopolymer in softwood hemicellulosexylan-when subjected to moisture adsorption. A unique moisture-induced crossover is found in the thermodynamic and mechanical properties of this prototypical biopolymer with many quantities such as the heat of adsorption, heat capacity, thermal expansion and elastic moduli exhibiting a marked evolution change for a moisture content about 30 wt%. By investigating the microscopic structure of the confined water molecules and the polymer-water interfacial area, the molecular mechanism responsible for this crossover is shown to correspond to the formation of a double-layer adsorbed film along the amorphous polymeric chains. In addition to this moisture-induced crossover, many properties of the hydrated biopolymer are found to obey simple material models.
Introduction
Wood and its various hydrophilic cellulosic components are the most abundant polymers on Earth (Arioli et al. 1998) . While these compounds have been used through ages, a better understanding of the physical and chemical properties of such hydrophilic polymers Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10570-019-02808-z) contains supplementary material, which is available to authorized users.
would allow extending the range of applications of sustainable natural resources. As an important parameter to be taken into consideration, moisture strongly influences the mechanical and thermodynamic properties of hydrophilic biopolymers. In particular, it usually induces drastic changes of material dimension, stability and durability that can present both positive and negative effects. For instance, harnessed by quarry workers in ancient Egypt, the swelling pressure of wood due to moisture sorption was utilized to split stone (Bechthold and Weaver 2017) . However, on the other hand, moisture uptake could lead to catastrophic biodegradation and failure of load-bearing wooden structures. From a fundamental viewpoint, important molecular mechanisms have been already unraveled such as those relevant to sorption hysteresis of deformable nanoporous materials (e.g. amorphous cellulose) (Chen et al. 2018 ). Yet, many important features regarding the role of moisture adsorption in the physical and mechanical responses of hydrophilic polymers remain to be identified to facilitate their implementation in fields such as food engineering (Li et al. 1998) , biomedical device applications (Lyu and Untereker 2009 ) and architecture (Vailati et al. 2018) .
Moisture changes the properties of polymer systems such as their stiffness (Harper and Rao 1994) , glass transition (St. Lawrence et al. 2001 ) and crystallinity (Tanner et al. 1991) . Numerous studies have reported strong evidence regarding the influence of moisture as a plasticization agent (Tanner et al. 1991; St. Lawrence et al. 2001; Perdomo et al. 2009; Carter and Schmidt 2012; Reuvers et al. 2013 ) that affects the dynamics of chains and the free volume in polymers (Gaylord and Van Wazer 1961) . Most of these studies rely on macroscopic observations or limited microscopic information. To date, there is no general picture of polymer-moisture relationship at the microscopic (i.e. at the molecular) level. According to Refs. Hodge et al. (1996b) , Li et al. (1998 ), Brouillet-Fourmann et al. (2002 , water in materials can be in two possible states. At low moisture content, water competitively establishes hydrogen bonds (HBs) with polar hydroxyl groups of polymers and becomes the so-called ''bound'' or ''unfreezable'' water. At higher moisture content, ''free water'', also referred to as ''freezable water'' or ''freezable bound water'', is present, which further weakens the existing ''bound'' water-polymer interactions. This terminology has been used loosely. For example, some reports define ''free'' water in a view of phase change as the water which undergoes similar thermal phase transitions as bulk water (Hodge et al. 1996b) . Some other reports define ''free'' water in terms of diffusion, as the water which is relatively free to travel through the microvoids and pores, and ''bound'' water as the water attached to the polar groups of the polymer (Alomayri et al. 2014) . Some others define ''free water'' as the water in the wood cell lumen and ''bound water'' as the water held in cell wall material (Skaar 1988; GeziciKoç et al. 2017) . Part of the reason for this ambiguity is the limited resolution of current experimental techniques. It is important however to access the microscopic information, e.g. differentiating the states of water in the material, for heterogeneous hydrated polymer systems, which presently still remains an open question.
In this study, we follow up on the idea of different states of water but do not follow the ambiguous terminology. Here, we use molecular dynamics (MD) to investigate the role of molecular interactions, e.g. HBs, which are critical to explaining the microscopic mechanisms leading to the coupling between the polymer properties and water adsorption. MD has shown its capability of simulating cellulosic material, such as cellulose and xylan, in agreement with existing experimental studies (Zhao et al. 2014; Kulasinski et al. 2016) . Here the arabinoglucuronoxylan (AGX), one of the most abundant hemicelluloses of softwood (Reid 1997) , is chosen as a prototypical model of hydrophilic biopolymers in wood. This specific yet representative compound is involved in numerous applications, such as packaging (Escalante et al. 2012) , biomedical products (Li et al. 2011 (Li et al. ), plastic additives (Ü nlü et al. 2009 ), and etc., as summarized by Sedlmeyer (2011) . Through the investigation of various mechanical and thermodynamic properties of AGX, we show that all material properties undergo a clear transition (later in the microscopic sorption analysis referred to as a crossover) in moisture sensitivity at the same transition (crossover) point of * 30 wt% moisture content. Analysis of water microscopic structure shows that, when the first adsorbed layer saturates, bulk-like water clusters start to grow at the transition point. This differentiation between water adsorbed in the first layer and beyond enables us to establish material models which show that the mechanical and thermodynamic properties of the hydrated biopolymer depend in a simple fashion on the different adsorption populations.
Materials and methods

Modeling of xylan
AGX is formed by a backbone of b-1,4-linked b-Dxylopyranose units, partially substituted at O-2 by 4-O-methyl-a-D-glucopyranosyluronic acid and at O-3 by a-L-arabinofuranose (Reid 1997) [with the degree of substitution depending on botanic sources and extraction methods (Den Haan and Van Zyl 2003) ]. In the present work, a polymer made up of 67% xylose, 20% glucuronoacid-xylose and 13% arabinoxylose is used (chemical structure shown in Fig. 1a) .
In MD, molecular interactions are numerically modeled by a force field, i.e. mathematical functions fitted from experimental measurements with necessary simplifications and assumptions. In this study, the force field parameters, as well as the geometry of AGX monomers, are obtained from the automated topology builder (Malde et al. 2011) with Gromos 53a6 force field (Oostenbrink et al. 2004) . Multistep quantum mechanics calculations are carried out to optimize the geometry of the monomers and harvesting the force filed parameters such as equilibrium bond length, angles and etc. For the detailed workflow of the automated topology builder, we refer to Ref. Malde et al. (2011) . The three types of monomers are constructed using Material Studio 8.0 and randomly polymerized into chains with a degree of polymerization of 100 (Gorshkova et al. 2012) . Gromacs 2016 software (Berendsen et al. 1995; Abraham et al. 2015) is used for simulation. Five chains of AGX are inserted randomly into a periodic box, with periodic boundary conditions in the three principal directions to avoid finite-size effects. The dry system finally reaches a size of about 5 9 5 9 5 nm 3 and a density of 1.3 g/ cm 3 . The density is in accordance with the literature, as measured for a xylan powder extracted from corn cobs (Verbeek 2012) . Following the same procedure, two additional systems are prepared and then investigated to improve the statistics and obtain data more representative of disorder in real systems. The three replicas differ by their orientation and arrangement of chains. A more detailed description of modeling methods, validation and investigation are included in the supporting information.
Adsorption process and measurements of material properties
Starting with the dry system, single point charge (SPC) (Berendsen et al. 1987) water molecules are inserted randomly one after another into the simulation box. Special attention is paid to avoid overlap with the polymer and previously inserted water molecules. Each insertion is followed by energy minimization and a relaxation run of 100 ps. Besides the aforementioned density, the atomistic models are subject to validation through the comparison with available experimental results, i.e. sorption isotherm, isotropy and swelling strain, where good agreement was found, justifying the validity of the preparation of initial structure and adsorption process. Due to computational costs, we choose to report results at 20 moisture content levels. Figure 1b shows a typical molecular configuration of the hydrated system at m = 18%, where carbon atoms in cyan, oxygen atoms in red and hydrogen atoms in white. Polymer and water molecules are shown in thin lines and thick sticks, respectively. The moisture content in this study is defined as the mass of water divided by the mass of dry material: m = m w /m p . Integral heat of adsorption, thermal expansion coefficient, heat capacity, elastic constants and Poisson's ratio are then measured as a function of moisture content using the method documented in the supporting information. Similar to experimental studies where each physical property is derived from an independent measurement, most of the properties in this study are measured with separate simulations, as they require different loading conditions, resulting in separate trajectories for post-processing. Thermal expansion coefficient and heat capacity are measured with the same trajectory, however, three repetitions are employed. As will be shown below, all these properties show a transition happening at m * 30% which, to the best of our knowledge, has not yet been reported.
Results and discussions
Properties as a function of moisture content and occurrence of moisture-induced crossover
The integral heat of adsorption Q(m) is shown in Fig. 2a . The dots are the arithmetical average of the three different models while the shaded areas denote the standard deviation (similar representation is used for Fig. 2b, c, e) . At low moisture content, the heat of adsorption is close to that measured using MD for amorphous cellulose (AC), * 3620 kJ/kg (Kulasinski 2015) . At high moisture content, the heat of adsorption gradually approaches the value of bulk water, * 2260 kJ/kg (Murphy and Koop 2005) . Interestingly, two different linear regimes can be identified, one for low moisture content and another for high moisture content. The transition separating the two regimes occurs around m * 30%.
The uniaxial thermal expansion coefficient of AGX is shown in Fig. 2b . As moisture increases, the thermal expansion coefficient of AGX approaches the value of pure SPC water indicated by the solid line with asterisks. At 300 K, the uniaxial thermal expansion coefficient of SPC water is a X;300 K;SPC ¼ 2:3 Â 10 À4 K À1 ; which is larger than the experimental value * 7.9 9 10 -5 K -1 (a known imperfection of the SPC water model (Jorgensen and Jenson 1998) ). Like for the heat of adsorption, a transition occurs around 30% moisture content. The heat capacity of AGX is shown in Fig. 2c . With increasing moisture content, the heat capacity approaches the value of pure SPC water. At 300 K, the heat capacity of SPC water is C p;300 K ¼ 4:594 kJ/ðkg KÞ; which agrees well with the experimental value of 4.186 kJ/(kg K) (Chase Jr. 1998) . Once more, we note a transition occurring around 30% moisture content. The bulk, Young's and shear moduli and Poisson's ratio of AGX are shown as solid dots in Fig. 2d , e. The bulk and shear moduli are difficult to measure experimentally, as samples are usually prepared in the form of thin films (Chang et al. 2018) . Available reports, mostly about Young's moduli at 27°C and 50% RH, agree well with our simulation which is about 2.5 GPa under similar temperature and moisture level (Gröndahl et al. 2004; Höije et al. 2005; Escalante et al. 2012) . For all these mechanical properties, there is also a transition happening around m * 30%.
For a homogeneous isotropic material, like AGX, shear moduli can be predicted from bulk and Young's moduli using (1). It is important to note that the dry material is found to be isotropic (see the supporting information), while the hydrated material may show some deviations of isotropy. However, we can assume that the materials remain mainly isotropic and (1) is assumed to be valid. The predicted values represented by white triangles in Fig. 2e agree well with the shear moduli measured by MD (pink dots in Fig. 2e) .
Mechanisms of moisture-induced crossover Density of polymer-polymer and polymer-water hydrogen bonds
To explain the transition behavior observed around m * 30%, the hydrogen bond network and water distribution in the hydrated AGX are now discussed. The HBs between polymer chains play a central role in the moisture-induced effects of hydrophilic polymeric material, such as weakening and hysteresis (Chen et al. 2018) . The establishment of HBs is judged by applying the criteria referred to in Refs. Soper and Phillips (1986), Teixeira and Bellissent-Funel (1990), Luzar and Chandler (1993) and shown in the illustration in the inset of Fig. 1b, i .e. r\0:35 nm and a\30 ; where r is the distance between the donor oxygen atom and the acceptor oxygen atom and a is the angle of acceptor oxygen atom-donor oxygen atom-donor hydrogen atom. The number of HBs is normalized by the initial dry material volume V 0 to obtain the density of polymerpolymer HBs (#HB/V 0 ). Both #HB/V 0 for AGX-AGX and AGX-water-shown in black and white dots respectively in Fig. 3a -remain constant after m [ 18%, which is below the transition point of m * 30%. The number of HBs cannot explain the crossover observed for the material properties in Fig. 2 .
In previous work, for another wood polymer, amorphous cellulose (AC), a linear relationship between the number of polymer-polymer HBs and the mechanical moduli was found. The breakage of HBs was then understood to be the main mechanism of the mechanical weakening of AC . In the present study, within the range of 0 * 18% moisture content, moduli also scale linearly with the HBs breakage. However, for higher moisture contents, i.e. m [ 18%, further decrease of moduli is seen to occur without further breaking of HBs. This indicates that there must be another mechanism explaining the mechanical weakening behavior of AGX for m [ 18%, and the crossover happening around m * 30%. It is abnormal to find that hydrogen bond is not dominating such important behaviors of the hydrophilic polymer.
Double layer adsorption
We explore another possible mechanism, inspired by the observation that further moisture-induced mechanical weakening occurs at the appearance of ''free water''. As formerly mentioned, water in the material can be in two possible states (Hodge et al. 1996b; Li et al. 1998; Brouillet-Fourmann et al. 2002) , i.e. ''bound'' or ''unfreezable'' and ''free'' or ''freezable''. Thanks to MD, the trajectories of individual water molecules can be tracked. We propose a statistical description of adsorption layers, where the distance between a water molecule and the nearest polymer atom (d pw ) is used. The water population along the polymer chains is given as a function of the polymerwater distance and moisture content (the surface plot in Fig. 4e ). The polymer-water distance d PW is defined as the distance between the oxygen atom of water and its nearest polymer neighbor atom. The water population N Water (m,d pw ) is the time average of the number of water molecules at a specific m and d PW . From Fig. 4e , we observe that, at lower moisture content, there is only one peak centered at 2.8 Å . At higher moisture content and practically for m [ 30%, at least two major peaks, centered at 2.8 Å and 5.6 Å , can be identified. Between the two peaks, there is a ''valley'', i.e. a local minimum, at 4.5 Å . Water population is practically zero for d PW [ 15 Å . We define the water that resides within 4.5 Å of the polymer chains as the 1st adsorbed water layer and water from 4.5 to 20 Å as the 2nd adsorbed water layer. The occurrence of double-layer adsorption is also supported by the sigmoidal shape of the AGX sorption isotherm (type II isotherm) (Ergun et al. 2010 ). The double-layer adsorption starts from around m * 30%.
The blue and red cut planes in Fig. 4e denote the center location of the 1st and 2nd adsorbed water layers, respectively. The solid curves in Fig. 4a, d are the water population at d pw = 5.6 Å and 2.8 Å , which refers to the intersection between the cut planes and the surface in Fig. 4e . As shown in Fig. 4a , the water population starts to grow from m = 0.3. As shown in Fig. 4d , the linear growth of water population slows down from m = 0.3, indicated by the divergence of the solid blue curve below the dashed line fitted from the range of low moisture content. The surface in Fig. 4e can also be cut by the planes of m = 0.15 and 0.3, for which we get the solid water population curves in Fig. 4f , g. For m = 0.15, as shown in Fig. 4f , the water population only has one single peak around 2.8 Å . However, for m = 0.3, shown in Fig. 4g , two peaks (2.8 Å and 5.6 Å ) can be identified. The water population can be described by the summation of two Gaussian distributions, as shown by the dashed lines calculated from double Gaussian decomposition (DGD). Figure 4b , c are juxtaposing snapshots of the hydrated polymer system at m = 0.15 and 0.3, respectively. The polymer chains, the 1st and the 2nd layer of water are shown in color thick sticks, blue and red surfaces, respectively. The average side length of the system increases from 5.1 nm for m = 0.15 to 5.4 nm for m = 0.3 indicating swelling of the system. Figure 3b shows the volume fraction of the 1st and 2nd water layers as a function of moisture content. At m * 30%, the 1st layer saturates. The 2nd water layer starts to grow quickly from m * 30%, though it already started to emerge before this moisture level. The saturation of the 1st water layer is supported by the analysis of the contact area between polymer and water shown in Fig. 3c . The water-polymer contact area is defined as A contact ¼ A polymer þ A water À A system ; where A polymer ; A water and A system are the surface areas of the polymer, water and full system. These surface areas are measured by the so-called rolling ball algorithm (Shrake and Rupley 1973) , using a ball, of a specific radius (here 1 Å ), to roll along the surfaces of interest, namely the surfaces made by the van der Waals surface of the atoms. The area of the plane defined by the center of the ball as it rolls is the calculated surface area. As shown in Fig. 3c , within the moisture range of 0-30%, water adsorption generates new contact surface. This means that the (c) (b) (a) Fig. 3 a Density of hydrogen bonds between AGX-AGX (white) and AGX-water (black). b Volume fraction of 1st (black) and 2nd (white) layers of water. At m = 0.3, the 1st layer saturates while the 2nd layer starts to quickly grow. c Contact area between polymer and water newly adsorbed water molecules bind to the polymer. However, for m [ 30%, the contact area saturates, which means that the newly adsorbed water molecules attach themselves to the formerly adsorbed water rather than to the polymer.
As the 1st and 2nd water layers are located at a different distance from the polymer chain, their interactions with the polymer are also different. This induces different dynamics and mobility for these two populations (Li et al. 1998; Zhao et al. 2019 ). The crossover from one to two layers of water is likely to influence the properties of the hydrated polymer and to induce a transition, i.e. crossover, in thermodynamic and mechanical properties of the polymer. This new insight provides a long-time missing piece of information for the full understanding of the structureproperty relationship of polymers, which may interest many research fields and industries. For example, in the plastic, adhesive, hydrogel and food industries, the states and molecular structures of the water within polymers matrix have an important impact (Hodge et al. 1996a; Li et al. 1998; Brouillet-Fourmann et al. 2002) on the material properties where crossover might come into play. Another example is that, in classic linear poromechanics (Coussy 2003) , the coupling energy term is written as the linear summation of the external variables, meaning that the poroelastic properties, e.g. bulk modulus, are constants, which might lead to wrong predictions. This study shows that two modes, separated by the crossover point, exist in the moisture-material interactions. This physics could provide guidance on the proper modeling of thermodynamic and mechanical properties of polymeric porous media thus facilitating the improvement of existing poromechanical models.
Interestingly, in experiments, similar saturations around m * 30% have been also found for other materials. Li et al. (1998) were able to differentiate ''unfreezable'' water, which creates strong interaction with polymer either energetically bounded or kinetically retarded, to ''freezable'' water by using differential scanning calorimetry (DSC). They found that the saturation of ''unfreezable'' water happens at 30% moisture content. Brouillet-Fourmann et al. (2002) revealed a similar saturation of bound water at 30% moisture content in a hydrated starch system also by DSC. Hodge et al. (1996a) found a saturation of ''nonfreezing water'' for water concentration greater than 30% in polyvinyl alcohol.
Properties of polymer, first and second layers of water predicted by material models As shown in Fig. 2a , the adsorption of the first water molecules releases more heat than adsorption of those of the 2nd layer. After m [ 30%, the 2nd layer of water quickly grows and starts to dominate the heat of adsorption. The heat of adsorption approaches the latent heat of liquid water as moisture increases, indicating that the fast-growing 2nd water layer resembles bulk water. Similarly in the case of heat capacity, thermal expansion coefficient, elastic constants and Poisson's ratio, the saturation of the 1st layer of water and the quick growth of the 2nd layer of water induces the crossover. The differentiation of two layers of water enables us to decompose properties into the contributions of different types of water. Here we adopt three simple material models, i.e. mixture rule, parallel and series models, to predict the mechanical and thermodynamic properties measured, which are seen as the summation of the contributions of three major types of materials involved: polymer, 1st and 2nd layers of water. The constitutive equations for these models read:
where X c , X p , X w1 , X w2 , f v;p , f v;w1 and f v;w2 are the properties of composite, polymer, 1st and 2nd layer of water, the volume fraction of polymer, 1st and 2nd layer of water respectively. From simulations, X c , f v;p , f v;w1 and f v;w2 can be directly extracted, however X p , X w1 and X w2 are parameters to be determined through fitting analysis. The mixture rule and the parallel model share the same mathematical equations, but they differ in their interpretation. The mixture rule represents the composite behavior of scalar properties such as heat of adsorption and heat capacity, while mechanical properties, such as Young's, bulk, shear moduli and thermal expansion coefficient are tensorial properties represented by a parallel or series models.
The mechanical moduli, i.e. bulk, Young's and shear moduli, are found to correspond to a series model, the heat of adsorption and heat capacity correspond to the mixture rule, and the thermal expansion coefficient corresponds to a parallel model. Figure 2 gives the data obtained by MD and the fitted models (solid curves). Moreover, it is found that X p and X w2 correspond relatively well with the value of dry polymer and bulk water. Under the same context, it is reasonable to speculate that X w1 represents the properties of the 1st layer of water, which are difficult to measure both numerically and experimentally. A list of values for X p , X w1 and X w2 are summarized in Table 1 .
Finding that material properties like the heat of adsorption and the heat capacity follow a mixture rule model is logical, since these are scalar properties. Our findings show that the polymer material, first and second adsorbed water layer act as a layered composite material loaded mainly normally to the layers as in a series model. The parallel model shows that the polymers, as well as layers of water, mainly expand along their longest direction which is along the layer direction as in a parallel model. According to all these analyses, we conclude that the saturation of the 1st water layer and the development of the 2nd water layer is the mechanism inducing the crossover occurring around m * 30% (as seen in heat of adsorption, thermal expansion coefficient, heat capacity, elastic moduli and Poisson's ratio).
Conclusions
There is considerable interest in understanding the thermodynamic and mechanical responses of hydrophilic plant biopolymers upon moisture adsorption. In particular, this could allow better utilizing plant-based sustainable resources. In this study, molecular dynamics simulation is used to investigate the influence of moisture on the properties of a prototypical hydrophilic polymer: softwood xylan. The heat of adsorption, heat capacity, thermal expansion, elastic moduli and Poisson's ratio are yielded as a function of moisture content. All these mechanical and thermodynamic properties show a crossover occurring around 30 wt% moisture content, which cannot be explained by the alteration of the hydrogen bond network which plateaus at 18 wt%. A study of water population distribution and polymer-water contact area leads to the identification of a double-layer adsorption. The saturation of the first adsorption layer and the growth of the second adsorption layer of water are identified as the main mechanism of the moisture-induced crossover. This decomposition of two types of water also enables a further material model study, where properties of the composite can be attributed to the contributions of the three major components, i.e. polymer, first and second layer of water. The universality and diversity of the observed crossover in the current study still require further investigation. Nevertheless, the simulation framework and the statistical analysis of the layering structure of water could be extended to other material systems potentially explaining phenomenon associated with it. These new insights provide an important missing piece of information for the full understanding of the structureproperty relationship of polymers, which may interest many research fields and industries.
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